ABSTRACT On December 7, 1992, a 1 .8-kWac utility-interconnect photovoltaic (PV) system using amorphous silicon modules was brought on-line at the National Renewable Energy Laboratory's photovoltaic test site. This system was deployed to conduct an in-situ technical evaluation of the PV array (in a high voltage configuration) and system performance and reliability in a utility-interconnect application. The system is unique due to the installation of construction-grade insulation on the back of each PV module. This use of insulation is an attempt to levelize the annual array power output by elevating the operating temperature of the modules. This paper presents array and system performance data.
INTRODUCTION
A 1 .8-kWac utility-interconnect photovoltaic (PV) system was brought on-line for technical evaluation at the National Renewable Energy Laboratory's (NREL) photovoltaic test site. The system is located at 39.7" N latitude, 105" W longitude, 1782 m elevation. The array is fixed at a 40" tilt angle and is aligned true south. The PV array consists of six monopoles. The positive subarray comprises three monopoles and the negative subarray comprises the remaining three. Each monopole has 17 United Solar Systems Corp. (USSC) UPM-880 PV modules in series for a total of 102 modules. The modules are amorphous silicon (a-Si), with a dual-junction, same-band-gap structure and composition. The array output is fed to an Omnion Series 2200 static power converter rated at 2 kWac. The output of the power converter is fed to the local utility power grid via NREL's power distribution network. The system has been under evaluation since December 1992, with results being presented in previous publications [l] . Table 1 gives the array ratings at standard test conditions (STC): 1000 W/mz, 25"C, AMI .5 global spectrum.
The system was originally deployed as six monopoles of 16 UPM-880 PV modules in series totaling 96 modules. The ac output on March 24, 1993, was determined to be 1.65 kW_ at 1000 W/m2 and 25°C back-of-module temperature. This output indicated that the system, as configured, did not 850 U.S. Government work not protected by U.S. copyright meet the estimated system ac output of 1.8 kW_. Six additional modules were then added to the PV array on April 19, 1993 (one module per monopole), for a new total of 102 modules. This addition was an attempt to elevate the system's ac power output. The system was determined to be operating at 1.82 kWac on August 24, 1993, and at 1.81 kWac on August 17, 1994, at 1000 W/m', air mass 0.9 (corrected for pressure), and 25°C back-of-module temperature. As a consequence of adding the six additional modules, ac power and array peak power measured prior to April 20, 1993, have been multiplied by the ratio of 102/96 (1.0625) for this paper.
The Photovoltaic system was deployed to conduct an in-situ technical evaluation of the PV array and system performance and reliability in a utility-interconnect application. The system is unique due to the installation of construction-grade insulation on the back of each PV module. This use of insulation is an attempt to levelize the annual array power output by elevating the operating temperature of the modules. This paper presents array and system performance data.
Emphasis is placed on quantifying the effects of individual losses as well as seasonal changes on PV array and system performance. From these values we see a decrease of ~8 . 3 % in array output from the summer of 1993 to the winter of 1993. Furthermore, an increase (rebound) of =10.8% in array output from the winter of 1993 to the summer of 1994 is also observed.
Given the seasonal changes in PV array and system performance, the focus was turned to quantifying the effects of temperature, spectrum, annealing, and light-induced degradation. In this regard, all known array losses and influences on performance were either measured or calculated. The losses identified were module mismatch, system dc losses (i.e., wire, blocking diodes, switchgear, and protective fuses), and soiling. The influences on performance identified were changes in spectrum, temperature, and insolation.
The loss due to module mismatch was calculated based on the baseline I-V curve traces acquired via the Spire 240A solar simulator and on each module's location in the PV array. Module mismatch was based upon the currentlimiting module (minimum I , , ) and the summation of V , , for each monopole. In determining the mismatch for each monopole, the product of the summation of V , , and the minimum I , , was divided by the summation of P , , .
The mismatch calculated for all monopoles was then averaged. Module mismatch for the individual monopoles was calculated to range from 2% to 5%. The module mismatch loss for the PV array was thus calculated to be approximately 3.6%.
System dc losses were based on voltage drops measured at approximately 1 000W/m2 and the calculated 1% losses for all dc wiring. The voltage drops across each blocking diode, array fuses, and dc switch gear were measured. These voltage drops were then multiplied by the maximum power current (normalized to 1000 W/m') observed at the time of the I-V trace measurement and the results summed.
The calculated resistance of the wire was multiplied by the square of the measured maximum power current (normalized to 1000 W/m').
The system dc losses calculated in this manner were less than 10 W (0.3 to 0.4 %) at 1000 W/m2 for this PV array.
To quantify the soiling losses, I-V curve traces of one monopole before cleaning (dirty) and after cleaning (clean) were acquired and compared at 1000 W/m2. This method involved taking a "dirty" trace, cleaning the monopole, then immediately taking the "clean" trace. Soiling losses were measured at 3.2% on March 23, 1993, and 3.0% on October 28, 1994.
Using the modeled spectrum for the site at time of test, spectral corrections (based on the limiting cell of the dualjunction module: top, bottom, or matched) were calculated. To compare measured powers with respect to a specific reference spectrum (Le., ASTM E892-87 global reference spectrum), the data must be corrected for the spectral mismatch error [4] . The spectral mismatch error was computed for each of the selected days using measured spectral response data from dual-junction same-band-gap amorphous silicon cells and modules of the same kind as deployed in the system. The spectral response of the reference device (pyranometer) is constant versus wavelength. The measured spectrum was problematic because the spectral irradiance was measured for only a few days and over a limited (300-1100-nm) spectral range. To solve this problem, the spectral irradiance was modeled using a semiempirical spectral model [5] . The model requires as inputs the POA tilt angle, air temperature, barometric pressure, measurement time, total irradiance on a horizontal surface, direct normal irradiance, the diffuse irradiance on a horizontal surface, and, preferably, the POA irradiance.
All of these quantities were available. Figure 3 shows a comparison of the modeled spectrum with the spectral irradiance measured at NREL via a LiCor LI-1800 spectroradiometer on January 20, 1993. The spectral corrections (from summer to winter) obtained using this method ranged from 1.6% lo 8.6% at the NREL PV test site. It should be noted that these spectral corrections are for current only and the fill factor will be influenced by other spectral effects.
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Wavelength (nm) Figure 3 . Measured spectrum versus modeled spectrum Peak power was corrected for temperature based on a coefficient of -0.1% per 'C. The temperature coefficient used for correcting peak power was that supplied by the manufacturer (USSC). For this analysis, it was assumed to be linear over the temperature range observed and independent of the spectrum. These corrections were then applied to the prevailing array peak power as measured by a portable I-V curve tracer.
The prevailing array peak power (normalized to 1000 W/m'), changes in performance, and the previously listed losses were compared to the summation of rated module peak power at STC (102 modules x 22 W=2244 W). Figure  4 presents the normalized array peak power, changes in performance, and losses as percent of the array rating at STC. Table 2 lists the data used in Fig. 4 in numeric format. The first few data points given in Table 2 are elevated due to the fact that the early light-induced degradation has not been fully completed. Consequently, the first six data points were not included in the results of this paper. After correcting the normalized peak power for temperature, spectrum, soiling, module mismatch, and dc system losses, the seasonal change in performance was still observed (see Fig. 4 ). The corrected array peak power decreased by 7.5% from the summer high on June 10, 1993, to the winter low on January 12, 1994. This decrease in array peak power, even after applying corrections, may be attributed to light-induced degradation. The corrected array peak power rebounded by 7.7% from the winter low on January 12, 1994, to the summer high on June 8, 1994. This rebound in corrected array peak power is attributed to thermally-induced annealing which appears to occur during the warm summer months. Figure 4 shows that the peak powers measured on January 12, 1994, and June 8, 1994 (after applying corrections for the identified losses and changes in performance), were lower than the STC rating for array peak power by 10.8% and 3.1%, respectively. This difference from the STC rating is attributed to measurement error (bias error), light-induced degradation, and annealing. CONCLUSIONS A 1 .8-kWX a-Si dual-junction utility-interconnect PV system is operational and under evaluation at NREL's PV test site. The PV array and balance-of-system are performing as designed.
Losses and changes in array performance were identified The array peak power was found to degrade by 7.5% from and quantified. System losses (dc only) were found to be summer to winter of 1993 and rebound (anneal) by 7.7% less than 10 W for all data points. Losses due to soiling from the winter of 1993 to the summer of 1994. The lowest were measured at approximately 3%. The loss due to uncorrected array peak power, normalized to 1000 W/m2 for module mismatch was calculated to be approximately 3.6%.
the winter of 1993, was 77.7% of the 2244 W array peak The change in performance due to temperature, from winter power rating. The highest uncorrected array peak power, to summer, was found to range between -3% and +4%.
normalized to 1000 W/m2 for the summer of 1994, was Changes in performance due to spectrum from summer to 86.2% of the 2244 W array peak power rating. winter were found to be between 1.6% and 8.6%. After correcting for these losses and changes, the measured As other mechanisms for system losses/degradation may (prevailing) array peak power was brought within affect the PV array, further research into the influences on approximately 11 YO of the STC rating for winter operation arraykystem performance is being conducted. and 3% for summer operation. Table 2 . performance, and losses compared to the STC rating for array peak power Array peak power (normalized to 1000 W/m'), changes in
